Abstract . In this study, we have isolated a bovine homologue bgl-1 of lethal giant larvae (lgl) tumor suppressor oncogene from bovine brain by RT-PCR using primers designed based on the conserved sequences for lgl family members. The sequence analysis showed that the bgl-1 encodes a 1,036 amino acid polypeptide with the molecular weight of approximately 112 kDa containing a domain characteristic of WD-40 proteins. The amino acid sequence of bgl-1 showed a homology of 98.3 and 87.3% identity to that of mouse and human, respectively. Northern blot analysis showed that bgl-1 was highly expressed in brain, ovary and testis, with moderate expression in liver, uterus, lung and kidney. This suggests that the bgl-1 may play essential roles in each of these organs. The complementation analysis revealed that the bovine bgl-1 partially restored the Na + tolerance in the absence of yeast lgl homologue, suggesting that bgl-1 is a bovine homologue of the lgl family.
Introduction
The lethal giant larvae (lgl) gene, a tumor suppressor gene, has been identified as the first recessive oncogene in Drosophila and homozygous mutations at this locus may lead to the malignant neoplastic transformation of the presumptive optic neuroblasts in the developing adult optic centers of the larval brain and the imaginal disc cells (1, 2) . Genetic mutations in other tumor suppressor genes including dlg (discs large) and scrib (scribble) have also been shown to cause overgrowth of imaginal discs in Drosophila (3) (4) (5) .
A number of investigations on gene expression pattern, its cellular localization, and association with other cellular proteins revealed that lgl proteins function as components of cytoskeletal complex harboring at least 10 additional proteins (2) including a non-muscle myosin type II heavy chain (zip) (6), a serine kinase (7), a nucleosome-assembly-protein-1 (NAP-1) (8) , and D-abelson (abl) (9) . In addition, the Drosophila l(2)gl protein has been shown to homo-oligomerize (10) and to be involved in intercellular interactions (11) . The presence of WD-40-like motif is a characteristic feature of proteins in this family (12, 13) . A large number of proteins containing the WD-40 repeat sequence have been identified in eukaryotes (14) . This sequence feature has been shown to be important for a number of cellular functions, including protein-protein interaction. The lgl homologues have been identified in various organisms from yeast to humans, suggesting that there is an evolutionary relationship among these genes (12, (15) (16) (17) (18) . This has lead to their classification as a discrete lgl family. It has been demonstrated that Sop genes in Saccharomyces cerevisiae, homologues of Drosophila l(2)gl, are required for cation homeostasis and this can be functionally substituted by the Drosophila l(2)gl tumor suppressor gene (12) . It has also been shown that the human homologue hugl suppressed the cold-sensitivity in the absence of Sro7 and Sro77, which are known as Sop1 and Sop2 (19) .
In this study, we report the isolation and expression pattern of a bovine homologue, bgl-1, to the lgl tumor suppressor gene family and it can also complement for cation homeostasis in the absence of Saccharomyces cerevisiae homologue, sop genes. Molecular and structural analyses of bovine bgl-1, as well as studies on its expression, may provide information on their functions in cell-cell interaction during development in both vertebrates and invertebrates.
Materials and methods
Isolation of bovine bgl-1 cDNA using RT-PCR. To identify an lgl homologue from the bovine (Bos taurus coreanae) brain, we performed RT-PCR using three pairs of primers designed on the basis of the conserved sequences identified amongst lgl family members. We first designed and synthesized We then performed RT-PCR using the following three combinations of these primers: left-1 and left-2; center-1 and center-2; right-1 and right-2. RNA isolated from bovine brain served as templates for reverse transcription. The major PCR products were purified, cloned into pGEM-T Easy vector (Promega) and then subjected to sequence analysis. Since the PCR primers were designed to obtain three overlapping fragments, the open reading frame (ORF) was assembled from the DNA sequences.
DNA sequencing. Escherichia coli DH5 · harboring pGEM/ bgl-1 clone was cultured to prepare supercoiled recombinant plasmid DNA using a Maxiprep kit (Qiagen). The DNA sequences were established by automated sequencing (ABI PRISM). Both strands were analyzed, confirming the fidelity of the sequence information.
Northern blot analysis. Total cellular RNA was isolated from adult bovine tissues including brain, liver, uterus, ovary, testis, lung and kidney. Twenty µg of RNA was electrophoresed on denaturing formaldehyde gels and blotted onto nylon membranes (Boehringer Mannheim) by capillary blot. The immobilized nucleic acids were then hybridized with a radiolabeled DNA probe corresponding to nucleotides 1-1,013 bp of the bgl-1 clone. The probe was labeled by random priming kit (Stratagene) with [·-32 P]-dCTP. Hybridization was performed in a bag containing 5X SSC, 1X Denhardt's solution, 100 µg/ml of denatured salmon sperm DNA, 0.1% SDS and 50% formamide at 42˚C overnight. After extensive washing at 68˚C in 0.1X SSC and 0.2% SDS, the membrane was exposed to Kodak X-ray film with an intensifying screen for 24 h. 
Results
Cloning of bgl-1 cDNA in the bovine brain. The full-length cDNA for bovine bgl-1 was identified, cloned, and sequenced.
RT-PCR was performed to obtain the bgl-1 using cDNA from bovine brain as a template and three pairs of primers corresponding to conserved sequences amongst lgl family members. Since primers are designed to produce three overlapping fragments, the open reading frame (ORF) was determined by combining these sequences. The full-length cDNA for bgl-1 contains an ORF of 3,111 nucleotides, which can encode a protein of 1,036 amino acids with a predicted molecular weight of 112 kDa ( Figs. 1 and 3 ). The predicted structure of the bgl-1 protein is similar to other members of lgl family (Fig. 2) . This polypeptide contains the WD-40 repeat sequence as other lgl family members, suggesting that it may function for protein-protein interaction in a cytoskeletal complex.
Sequence comparison. After the isolation of the bgl-1 cDNA, we found that the predicted protein reveals similar structural characteristics of lgl family. Fig. 2 shows that the amino acid sequences of lgl family members derived from the GenBank are aligned using the Clustal method with DNASTAR program from LaserGene. The amino acid sequence for bgl-1 revealed a homology of 98.3 and 87.3% identity to that of mouse and human, respectively.
Expression analysis of bgl-1.
Northern blot analysis of bovine tissues revealed the presence of moderate to high levels of bgl-1 mRNA in all tissues analyzed (Fig. 3A) . The high expression of 4 kb bgl-1 transcript was detected in the brain, ovary and testis, with moderate expression in liver, uterus, lung, and kidney. 18S/28S ribosomal RNA served as convenient loading control for these experiments (Fig. 3A) . The molecular weight of bgl-1 protein was determined by Western blot analysis (Fig. 3B) . The bgl-1 cDNA was subcloned into an expression vector (pGEX-2TK) and was expressed as a fusion protein with the glutathione-S-transferase (GST). The expressed protein is a molecular weight of approximately 112 kDa (GST = 26 kDa), largely as predicted.
Complementation of a salt-sensitive yeast mutant by bovine bgl-1 gene.
The role of lgl has not been extensively studied despite of the fact that it was reported as the first recessive oncogene in Drosophila. The salt sensitivity of yeast mutant strains has been provided an assay to investigate the functional relationship between the sop gene products and the Drosophila l(2)gl gene product (12) . With respect to the amino acid conservation between yeast SOP protein and bovine bgl-1 (Fig. 2) , we asked whether the bovine bgl-1 can functionally complement mutant phenotypes of the yeast Sop strain. We overexpressed the bgl-1 cDNA under the control of constitutive yeast TPI promoter in the yeast Sop deletion mutant. As shown in Fig. 4 , the bgl-1 decreased the Na + sensitivity of the sop1∆sop2∆ cells to some extent, indicating a functional relationship between the bgl-1 protein and the SOP proteins.
Discussion
It has been demonstrated that homozygous mutations at the l(2)gl locus in Drosophila result in the development of transplantable neoplasms of the presumptive adult optic centers of the larval brain and of the imaginal discs (1, 20) . Previously, we isolated a temperature-sensitive mutant allele of (l(2)gl ts3 ) by ethylmethane sulfonate (EMS) screening (21) . The temperature sensitivity derives from the substitution of a serine residue with a phenylalanine residue at position 311 (22) . Using this mutant allele, it has been shown that the l(2)gl protein is required for organization of the follicle cells during oogenesis (22) . Since it has been proposed that this protein is homologous to vertebrate cadherin cell adhesion molecules such as chicken L-CAM and mouse P-cadherin at the amino acid level (23, 24) , one interpretation of this finding is that lgl family members may play a role in cell-cell communication. Biochemical and genetic analyses revealed that Drosophila l(2)gl protein has been found in a cytoskeletal network, which has at least 10 proteins including a non-muscle myosin type II heavy chain (zip) (6), a serine kinase (7), a nucleosome-assembly-protein-1 (NAP-1) (8), and D-abelson (abl) (9) . This suggests that lgl protein is involved in proteinprotein interaction in the cytoskeletal network.
The lgl homologues have been identified in various organisms including yeast, C. elegans, fly, mouse, and human, and the amino acid similarity among these genes is very high, suggesting that there is an evolutionary relationship among them (12, (15) (16) (17) (18) . Therefore, members in this gene family seem to be conserved throughout evolution and more investigations should be done to better understand the structural and functional roles during development in vertebrates and invertebrates. The bgl-1 cDNA we isolated from the bovine brain is very homologous to lgl family members and can substitute the function of SOP proteins in yeast, indicating that the bovine bgl-1 protein can regulate cation homeostasis. This provides evidence for functional conservation between the bovine bgl-1 protein and its yeast homologues as shown between the Drosophila l(2)gl protein and yeast homologues (12) . It is not yet clear whether aberrant cation homeostasis is involved in malignant transformation. However, further comparative studies should elucidate the involvement of lgl as a primary cause for the malignant transformation of specific cell-types during development for both invertebrate and vertebrate systems. The wild-type strain and the sop1∆sop2∆ mutant strain transformed with the bgl-1 cDNA inserted in the multicopy pYX212 plasmid were used for the complementation analysis. Cells were grown overnight in YEPD medium, adjusted to OD 610 = 1, and serial 10-fold dilutions spotted onto YEPD plates supplemented with 0.3 M NaCl or without NaCl. Plates were incubated for 2 days at 30˚C prior to photograghy. (B), The complementation analysis in the liquid medium. The wild-type strain transformed with the expression vector and the sop1∆sop2∆ mutant strain transformed with either the expression vector or rgl-1 were grown overnight in YNB medium. Then, cells with a final OD 610 of 0.1 were incubated in 25 ml of YEPD medium supplemented with 0.1 M NaCl. Growth was monitored by measuring OD 610 of wild-type ( q) + pYX212, sop1∆sop2∆ + pYX212 containing the bgl-1 cDNA (s), and sop1∆sop2∆ + pYX212 (v).
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